In the plastic-processing industry, the formation of unknown deposits at the interface between polymer melt and steel surfaces can pose major challenges, which occurs especially on screws, barrels, and tools. These deposits will detach during production and lead to quality restrictions mostly as spots in the products. We investigated the interactions between tool steel and polymer melt, especially polycarbonate, in the early stages of deposit formation. Steel-polymer-composite samples are prepared close to the realistic conditions in the plasticprocessing industry. To get further insight, thin polymer films on tool steel specimens and its alloy elements, representing model systems, are prepared. X-ray-photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) are used to characterize the interfaces chemically. Additionally, atomic force microscopy (AFM) and scanning electron microscopy (SEM) were used. We found iron and chromium diffusion into the polycarbonate melt induced by polymer metal interaction. Iron and polymer chains are immobilized at the interface by a chemical interaction, while chromium does not chemically interact with the polymer melt. Basing on these results, we propose a mechanism for deposit formation in plastic-processing machines and tools.
Introduction
The formation of unknown deposits at the steel surfaces of plastic-processing machines and tools is a major challenge in industrial production processes [1] . Parts of those deposits will detach during production and lead to quality restrictions, mostly as spots in the products. In practice, those problems are often reduced by steel surface coatings, which prevent any contact between steel and polymer melt [2, 3] . However, up to now, the reliability of these coatings in preventing plate-out is not sufficient. A complete understanding of the deposit formation mechanisms and the processes occurring in the early stages of the interaction between steel surface and polymer melt has not been developed yet.
Several research groups are dealing with investigations on metal-polymer interfaces. Mostly, evaporated metal ions were deposited on polymer layers, which were heated afterward. The metal diffusion and interaction were analyzed by different surface analytical methods, e.g. X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), or atomic force microscopy (AFM) [4] [5] [6] [7] [8] [9] .
Faupel et al. studied metal ion diffusion from thin metal films into polymer melt. They prepared thin layers of Cr, Ni, Cu, and Ti on polyimide and Teflon substrates, respectively. The results prove the diffusion of the more noble metal ions Ag, Au, and Cu into thin polyimide layers, while less noble metal ions Cr, Ti, and Ce did not show any diffusion [4] . The correlations between temperature and diffusion process of metal ions were analyzed by Bechtolsheim et al. and Faupel et al. Both working groups exposed temperature as an important force for the diffusion of the metal ions into the polymer substrate [5, 10] . Basic investigations on the chemical interactions between metal ions and polymer substrates were done by James Burkstrand [6] . Thin layers of Cr, Ni, and Cu were prepared on polystyrene and polyvinyl-alcohol, and the samples were heated beyond their glass transition temperature. The XPS data reveal a polymer-metal complexation as the main reason for the strong bonding between the thin metal film and the polymer substrate [6] . Furthermore, Burkstrand prepared polystyrene layers, which were treated by an oxygen plasma. After the plasma treatment process, copper ions were deposited at the polymer surface. This results in the formation of a metaloxygen-polymer bonding. It was pointed out that a high oxygen concentration at the surface of the polymer leads to a stronger bonding and an intense complexation [7, 8] . Related to Burkstrands results, Lee et al. analyzed the interface between Cu and polyimide. They pointed out a strong bonding between metal and polymer via nitrogen atoms [9] .
The influence of a metal-polymer interface on degradation mechanism and temperature has also been investigated by various working groups [11] [12] [13] [14] . Degradation by metal ions can support thermal degradation. In addition, degradation induced by metal ions can lead to the formation of polymer-metal compounds and influence crosslinking [12, 15, 13] .
The referred working groups prepared samples of thin metal layers on polymers by metal evaporation. There are few working groups dealing with the direct contact of a solid metal surface with a polymer melt.
Gundjian and Fisa investigated composite materials made of aluminum-polyamide-aluminum or copper-polyamide-copper [16] . A metal diffusion into the polymer layer could be detected by XPS. Grundjian et al. suspected an interaction between the carbonyl group of the polyamide and the metal ions. Kalnins and Malers brought polyolefins into contact with steel surface. They verified the diffusion of iron ions over several micrometers deep into the polymer layer using X-ray spectral fluorescence analysis [17] . Larrazabal et al. were able to confirm the results of Kalnins et al. [18] .
Friedrich et al. prepared thin layers of chromium on polycarbonate. The XPS investigations showed the formation of pi complexes between the carbon atoms of the aromatic ring and the metal ions. In addition, the formation of a Cr-O-C bond in place of the carbonyl group could be demonstrated [13] . Interaction and degradation step are postulated by Wiesing et al. [15] . They used XPS, AFM, and UV/Vis to prove their assumptions. In fact, they describe the interaction of polycarbonate at the Fe/Fe x O y interface. Based on this interaction of molten polycarbonate and Fe(II)-rich oxides, Fe(II)-enriched complexes are formed. The organic Fe(II)-rich complexes can influence the thermal degradation of polycarbonate and leads to crosslinking.
We studied the interface between steel and the components of steel and polycarbonate. In contrast to Wiesing et al., we investigated the diffusion of iron ions into the polycarbonate layer. Furthermore, our investigations have the aim to explain the formation of deposits in plasticprocessing machines.
Polymer-steel composite samples were prepared in a hydrostatic press device at elevated temperatures to analyze adhesion behavior and to compare our model system with the real industrial process. Furthermore, we prepare thin polymer films on different metal surfaces. These thin polymer films on iron and chromium foils work as model systems. Thin polymer films on tool steel specimens act as a reference for real process surfaces in plasticprocessing machines. Surface analysis was done by XPS, Auger electron spectroscopy (AES), AFM, scanning electron microscopy (SEM), and light microscopy. We want to discuss whether new chemical compounds are formed at the interface between polymer and metal, which alloy elements take part in the polymer/metal interaction, and if metal diffusion into the polymer takes place.
Materials and methods

Samples
To investigate the interactions at metal-polymer interfaces, two different approaches were chosen: 1. Polymer-steel composite samples: To resemble industrial processes, polymer-steel composite samples were prepared. Polycarbonate (Makrolon 2407) was pressed between tool steel specimens (1.2379, Germany EN 10027) at a pressure of 150 bar and a temperature of 320°C for 15 min. After cooling down, the polymersteel composite samples were separated mechanically, and the resulting interfaces were investigated by XPS (Omicron, Taunusstein, Germany, Veeco Instruments Inc., Santa Barbara, CA, USA) and AFM (Dimention TM 3100, Digital Instruments, Bresso, Italy). Figure 1 schematically shows the sample structure and the mechanically separated sample surfaces. Surprisingly, the mechanical separation of these samples resulted in an adhesive failure, e.g. in two quite different pieces in almost every experiment. One of them contains a thick polymer layer (side A), while the other one appears optically to be free of polycarbonate (side B). However, we will show later that a thin polymer layer remained on side B in all cases. 2. Thin polymer films: Model systems of thin polymer films were prepared on tool steel specimens as well as on specimens of its alloy elements iron and chromium (Chromand iron-foil: MaTeck, Jülich, Germany). Polycarbonate (Makrolon 2408, Covestro, Leverkusen, Germany) was dissolved in 99% dichloromethane (Sigma-Aldrich, Darmstadt, Germany). A predefined volume (300 μl, polymer concentration 9 × 10 −2 g/l) of the prepared solution was dripped onto the different substrates. After the evaporation of the solvent, which took place at room temperature within 30 s, a thin layer of polycarbonate remained on the surface. These thin polymer films were subsequently analyzed by XPS before the samples underwent heat treatments for 2 h at 280°C in ambient air. For this purpose, a muffle furnace from the company Nabertherm was used. Afterward, the interfaces were analyzed again by XPS, SEM, and AES.
Analysis
AFM measurements were performed using a Veeco Dimension 3100 SPM. All AFM images were recorded in tapping mode with a line-scan frequency of 0.5 Hz. For image post-processing and analysis, SPIP (Image Metrology A/S, Lyngby, Denmark) was used.
XPS was carried out in an Ultra High Vacuum (UHV) apparatus with a base pressure of 1 × 10 −8 Pa (Omicron MUL-TIPROBE System). The samples were mounted on molybdenum sample plates and were transferred into the UHV apparatus by a multi-stage transfer system. XPS was performed with a non-monochromatic X-ray source (DAR 400, Omicron UHV Nanoprobe System, Taunusstein, Germany, Veeco Instruments Inc., Santa Barbara, CA, USA) using Al K α radiation (1486.6 eV). The electrons emitting from the sample were analyzed using a hemispherical analyzer (EA 125, Omicron), mounted at 45° to the surface normal. Concerning the qualitative and quantitative analysis of the XPS spectra CasaXPS (Casa Software Ltd, Teigmouth, UK) and Origin7G (Origin Lab, Northampton, MA, USA) were used. Peak fitting was performed applying a Levenberg-Marquardt algorithm and a linear background subtraction (CasaXPS).
SEM and AES were carried out in an UHV apparatus with a base pressure of 1 × 10 −8 Pa (Omicron NANOPROBE System, NanoSAM) with primary electrons produced by a UHV-Gemini column. Concerning the qualitative and quantitative analysis of the AES spectra EIS (electron and ion spectroscopy software) was used. For the analysis of SEM images, ISEM (imaging software for electron microscopy) was used.
Results
The interaction of polycarbonate melts with steel surfaces was investigated by means of polymer-steel composite samples as described in the experimental section. Figure 2 shows the results of microscopic and spectroscopic analysis for side B, which seems optically to be free of polymer. Figure 2A shows the AFM image. Besides the typical scouring due to polishing and grinding of the steel surface (straight dark lines), a thin film is also visible, which contains dark, roundish spots. As dark regions in the AFM image are assigned to lower vertical positions on the surface, the dark spots represent holes. In AFM measurements carried out previously on the clean steel surface (not in contact with polycarbonate melt), such porous structures were not observed. Therefore, we conclude that the steel surface is covered by a thin porous film. The average film thickness, determined by measuring the high profile along the surface, reaches to 10 ± 2 nm.
In the XPS survey spectrum ( Figure 2B ), carbon (75%) at binding energies of 285 eV and oxygen (21%) at 532.5 eV can be identified as the main components of the elemental composition. Besides carbon and oxygen, small amounts of iron (1%) at 710 eV as well as chlorine (1%) and phosphorous (2%) are present. The Markrolon was provided by the industry. The detected chlorine and phosphorus may be due to the addition of additives or possibly to reactants in the production of polycarbonate. The proportion is too low (1-2%) to expect accumulation of additives on the surface. In the following XPS investigations, what the thin film on the steel surface consists of should be discussed. For a detailed chemical analysis, XPS detail measurements especially of the iron Fe2p and the carbon C1s orbital were performed. The XPS spectra of the Fe2p and the C1s orbitals are depicted in Figure 2C and D. A fitting of the Fe2p peak is not possible. Figure 2C clarifies that iron could be detected on the steel surface of polymer-steel composite samples (side B).
The C1s spectrum, which exhibits an asymmetric peak shape could be fitted very well with six different peaks at binding energies of 284.8 eV (C 1 ), 285.3 eV (C 2 ), 286.5 eV (C 3 ), 290.8 eV (C 4 ), 291.6 eV, 292.8 eV (C 5, 6 ), and 288.5 eV (C*).
The peaks C 1 -C 4 and C* can be assigned to [19, 20] :
The chemical structure of polycarbonate is shown in Figure 3 and clarifies the allocation of carbon atoms. The two features of C 5, 6 can be attributed to the π-π* emission of aromatic carbon [19] . The π-π* transition occurs as a result of excitation with X-rays during the measuring process. The binding energies and peak assignments are summarized in Table 1 . Except for C*, all peaks can be clearly assigned to the chemical bonds in the polycarbonate. In this regard, especially peak C 4 (O-C(=O)-O), which is significant for this kind of polymer, can be unambiguously attributed to polycarbonate. Moreover, the peak proportions, which are shown in Table 1 , are also in accordance with the chemical composition of the polymer. As the overall composition of the surface mainly shows carbon and oxygen, we conclude that the porous film primarily consists of polycarbonate. The existence of peak C*(O-C=O) as well as the small deviations in the peak proportions compared to the theoretical values, however, may indicate that some of the monomeric units of the polymer are chemically modified. Such degradation effects might be a result of chain scission. As described above, the mechanical separation of the polymer-steel composite samples mostly results in two distinct pieces. The results for side A, containing almost the complete solidified polymer, are shown in Figure 4 . Figure 4A shows the AFM image. A plateau structure can be identified (bright roundish spot). Figure 4B shows the XPS survey spectrum. Carbon at 297.5 eV (82%) and oxygen (16%) at 544.5 eV can be identified as the main components. In addition, again, a small amount of iron (2%) at a binding energy of 713 eV can be identified on side A. This is very surprising because the polymer is about 5-mm thick, and there is no chance of any contributions from the steel substrate in the XPS. The results for the XPS detail measurements of the iron and carbon are shown in Figure 4C and D. A fitting of the Fe2p peak is not possible. Figure 4C is shown to clarify that iron could be detected as well on the steel surface of the polymer-steel composite sample (side A). The C1s spectrum could not be fitted very well because of the thickness of the non-conductive polymer layer, which leads to charge effects and results in peak shifting and a broadening of the curve. Nevertheless, an intact polycarbonate layer is assumed. Figure 5 shows the results for thin polymer films, which were prepared on Fe and Cr metal foils as described in the experimental section. The samples were heated up to 280°C for 120 min, which is well below the polycarbonate degradation temperature of 450°C [21] . The metal/ polycarbonate interfaces were analyzed before and after heat treatment, respectively. The XPS spectra before and after heating as well as photographs of heated samples are shown in Figure 5 .
The first column of Figure 5A , D, G shows light optical microscope pictures of the heated polycarbonate films on the three samples. On iron and steel, the surfaces show an intense blue color, while the chromium foil remains colorless. UV/Vis measurements of thin polymer films can be found in the supporting information. The second column of Figure 5B , E, H shows the XPS survey spectra of unheated polycarbonate layers on the substrates. The main peak in the spectra at a binding energy of 286.0 eV can be assigned to carbon. In addition, two more elements, oxygen and molybdenum, are detected at 532.5 eV and 233.0 eV. Oxygen and carbon can be assigned to polycarbonate. Molybdenum can be attributed to the sample holders, which were used for the XPS measurements. Chromium and iron were not detected at all, which means that the layer thickness must be at least 10 nm and that the polycarbonate layer is closed. The third column of Figure 5C , F, I shows the XPS spectra after heating the samples. The top diagram of the third column ( Figure 5C ) shows the spectrum of the heated polymer layer on iron foil. The two peaks in the spectrum at 285.5 eV and 530.0 eV can be attributed to carbon and oxygen. The peak at binding energy of 711.0 eV can be assigned to iron. The amount of iron found after the heating procedure is about 19 at.-%. The middle diagram of the third column ( Figure 5F ) shows the spectrum of heated polycarbonate layer on the chromium foil. Two peaks at 285.5 eV and 532.5 eV can again be assigned to carbon and oxygen, the peak at 233.0 eV again to molybdenum. At 577.0 eV, a small chromium peak occurs. Before heating the sample, chromium was not detected. The amount of chromium found after heating is about 2 at.-%. The bottom diagram of the third column ( Figure 5I) shows the XPS spectrum of the heated polycarbonate layer on tool steel specimen. Two peaks at binding energies of 285.0 eV and 530.5 eV can be assigned to carbon and oxygen. Besides this, at 711.0 eV, a third peak, which can be attributed to iron, occurs. Figure 6 shows the SEM image and AES spectrum from the heated polycarbonate layer on the iron foil.
The examined sample surface from Figure 6 corresponds to the sample from Figure 5A -C. Two different structures can be observed: (i) worm-like appearance (point 1), which corresponds to thicker layers of polycarbonate on the metal surface. Between the thicker layers, there are areas with thinner layers of polycarbonate. Clearly "crystalline" structures (measuring point 2) are also visible in these areas. The image shows clearly that the metal surface is completely covered with the polymer, although the thickness varies. AES was performed at the two marked points. The AES spectra are shown in Figure 6B . Both spectra show the three characteristic peaks for the Fe LMM transition. The peaks are at kinetic energies of 598 eV, 652 eV, and 705 eV. The AES results support the observation that iron diffuses into the polycarbonate layer during the heating process.
Discussion
All experiments on polymer-steel composites samples show that polymer films remain on both sample sides. Even side B, which appears optically to be free of polymer, shows thin and closed polymer films. Even more surprisingly, we also find iron on both sides of the separated composite samples.
The thin polymer films on the two different metal foils and the steel surface are colorless before heat treatment. However, after heating, the polycarbonate layers on the iron and steel surfaces turned intense blue. In contrast, the thin polymer film on chromium remains colorless and, therefore, appears to be unaltered. XPS furthermore shows small amounts of chromium besides iron. These observations prove that the diffusion of metal atoms from the steel surface into the polymer is occurring. Most likely, this is the basic process for all observations. Additionally, these results show that iron diffusion, but not chromium, most likely leads to a chemical modification of the polymer.
It is reported that thermal oxidation of polycarbonate may occur in the range 220°-340°C [14] . Our samples were heated up to a maximum of 280°C for 2 h. To check for any degradation effects, the samples were heated up to 360°C to estimate the influence of thermal oxidation. Only for temperatures beyond 360°C can a beginning yellowing of Figure 6 : Microscopic and spectroscopic prove of iron in cooperation into PC after heating. SEM image (A) and AES spectrum (B) of thin polymer film prepared on iron foil after heating, corresponding to the sample in Figure 5C . the sample surface be observed. Obviously, these samples were discolored as a result of the beginning degradation [11, 12, 14, 22] . Our presented samples show a blue coloration. We do not observe any color change on chromium. Consequently, we conclude, that our samples are not influenced by any thermal degradation [14] . Furthermore, the polymer chains are immobilized, which is proven by an insolubility of the thin polymer layers. The diffused iron ions can form iron-polycarbonate complexes, which are chemically different from the pure polycarbonate. The agglomeration of such complexes via crosslinking most likely results in the formation of deposits. Insolubility may be due to this complexing reaction and crosslinking. Figure 7 shows a model of the interface, which we propose on the basis of well-known processes.
The first step of the mechanism is the diffusion of iron ions through the top oxide layer into the polymer melt. The diffusion of metal ions into the polymer surface after metal evaporation was investigated by several working groups [4, 5, 10] . Metal ions in polymer layers after contact of a solid metal substrate with polymer melt could also be verified [17, 18] . The diffusion length was up to 15 μm [17] . Similar diffusion processes of iron and all other metals through oxide layers are well known, for example, from the atmospheric corrosion of steel [22] . The ambient atmosphere provides water layers on the surfaces in which atmospheric components are solved, for example, SO 4 2− or Cl -ions. These ions introduce an image charge in the metal beneath the surface oxide layer when approaching the vicinity of the surface. Fe ions then diffuse through the top oxide layer driven by the image charge field [23] . Compared to the deposit formation process, polarized particles must be present at the surface [24] . Functional groups in the polycarbonate molecule (e.g. carbonyl group) or charged ions from additive molecules act as point charges in front of the steel surface. Because of the influence, image charges in the metal beneath the surface oxide layer are formed. This causes positively charged metal ions to diffuse through the oxide layer into the polymer melt.
As a result of this diffusion process, iron ions penetrate into the polymer, obviously resulting in an interaction between the polymer chains and an immobilization of the chains. As described in the literature, there may be a preferred interaction between the carbonyl groups of the polycarbonate and the metal ions [15, 17] .
These interactions result in the formation of plateouts along the steel surface. Metal diffusion and interaction is a major part of deposit formation in plastic processing.
Summary
The interfaces between polycarbonate and steel as well as the steel components iron and chromium were investigated. For this purpose, polymer-steel composite samples and thin polymer films on two different metal foils and the steel surface were prepared.
The diffusion of iron and chromium atoms from the steel surface into the polymer was verified by XPS. On iron and steel samples, thin polymer films show an intense blue coloration induced by an interaction between iron ions and polycarbonate. It is very probable that organic Fe complexes are formed. These complexes seem to be insoluble in solvents for polycarbonate and do not melt at processing temperatures of about 280°C. Furthermore, the continuous agglomeration of such complexes probably leads to the observed spots in polycarbonate. Finally, no interaction between polycarbonate with chromium is observed.
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